Genome wide association study reveals novel candidate genes associated 1 with productivity and disease resistance to Moniliophthora spp. in cacao 2 (Theobroma cacao L.) 3 4 5
INTRODUCTION 69
The cacao species (Theobroma cacao L) is a perennial crop and represents one of 70 the oldest agroforestry systems in tropical America (Bergmann 1969 and both ends were trimmed with Trim Galore v0.5.0 (Krueger 2018) . Reads 159 presenting a phred quality score below 25 and a sequence length below 60 bp 160 were removed. Samples were aligned to the two reference genomes of T. cacao, 161
Criollo B97-61/B2 v2 (Argout et al. 2010) The observed heterozygosity (Ho), expected heterozygosity (He), and the 181 polymorphism information content (PIC) were performed with Cervus v3.0.7 182 (Kalinowski et al. 2007) . A cluster analysis using the neighbor-joining (NJ) method 183 with 1,000 permutations was performed using the ppoppr package in R Software 184 (Kamvar et al. 2014) 
Phenotypic data and statistical analyses 207
Agrosavia's cacao germplasm is conserved in a region with natural presence of 208 inoculum of different pathogens allowing to evaluate the resistance of accessions. 209
The number of healthy and infected pods were counted weekly using two to six 210 clones of 102 accessions during four harvests periods from September of 2016 to 211 May of 2018 (Table S2 ). With the resulting data, we calculated the area under the 212 disease progress curve (AUDPC) for all harvest periods using the formula 213
proposed by Shaner and Finney (1977) : 214
Where yi refers to the counting of the disease in the n th observation; ti to the time in 215 the n th observation, and n to the total number of observations. 216 100,000 bp (max win option). The common outliers were found using an R script 260 that includes the annotation GFF file to identify the genes in the region under 261 selection. 262 263
Data availability 264
Table S1 contains the list of the accessions used in this study. The phenotypic data 265 is provided in Table S2 . Table S3 contains a summary of the statistics for the 266 sequenced data per individual. The candidate genes under positive selection per 267 chromosome are provided in Table S4 . File S5 and S6 includes the vcf files of the 268 SNPs discovered for Criollo and Matina, respectively. Figure S1 contains an in 269 silico analysis of the restriction enzymes. Figure S2 is the correlation among traits 270 of the whole population. Figure S3 contains the QQ-plots for each evaluated 271 variable. Figure S4 presented we previously performed an in silico digestion using the two reference genomes. 289
The in silico analysis generated a higher number fragments with optimal sizes for 290 sequencing in an Illumina system (200 to 700 bp) in Criollo genome (118,400) than 291 in the Matina genome (42,849). This result indicates that the combination of the 292 two enzyme patterns are more frequently found in Criollo. The number of base 293 pairs was slightly lower in Criollo (8.5 million bp) than in Matina (9.1 million bp) 294 because the produced fragments are longer for the latter ( Figure S1 ). 295
296
The number of sequenced fragments produced per accession were lower than 297 those predicted in silico for both genomes (Figure 1 ). When the reads were 298 mapped against the two genomes, a higher number of fragments were recovered 299 using the Criollo genome as reference. 300 301
Genetic diversity 302
Values for He and Ho of the 229 cacao accessions were slightly higher with the 303 dataset generated using the Criollo genome as reference than with the dataset 304 generated using the Matina genome (Table 1 ). Medium to high levels of genetic 305 diversity and an excess of heterozygosity were found in this collection. The PIC 306 value showed that SNP markers were informative and was very similar for both 307 datasets (Table 1) . 308 309 Neighbor-joining, linkage disequilibrium and population structure analyses 310
The following analyses were carried out for the entire collection (229 accessions) 311 using the dataset generated with the Criollo genome that contained the higher 312 number of SNPs. The NJ analysis did not recover the 10 cacao genetic groups 313 proposed by Motamayor et al. (2008) ; however, Agrosavia's cacao germplasm 314 formed subgroups than contained both modern landraces and accessions collected 315 in wild regions ( Figure 2 ). 316
317
The mean distance of LD decay was analyzed to characterize the mapping 318 resolution for GWAS. The studied collection had an overall low LD and most of the 319 r 2 values were below 0.25. In addition, LD declined rapidly with physical distance 320 with an r 2 value of 0.125 within approximately 500 bp ( Figure 3) . 321 322 Finally, the population structure showed that the best value for the number of sub-323 populations was 7 ( Figure 4 ). The results showed that 9% of studied individuals 324 were assigned to unique ancestry corresponding to the Iquitos, Criollo, and 325
Contamana genetic groups from which some of the accessions included in the 326 analysis have a recognized ancestry (e.g. IMC-67, C58, SCA-6). An additional 327 unique group of three Colombian accessions (EBC-06, EBC-09 and EBC-58) was 328 also discovered. The other 91% of the individuals presented a mixed ancestry. 329 330
Phenotypic data 331
During the evaluation of the 102 accessions, we observed an imbalance between 332 the production of healthy and infected pods. In fact, the percentage of pods that 333 reached harvest was 20.77% whereas 79.23% of pods were affected by FPRD. 334
The pods infected by WBD was very low during all the harvest periods. 335
336
Correlations between phenotypic variables ranged from 0.12 to 0.54 and are 337 shown in Figure S2 . The highest correlation (0.54) was found between flower 338 cushion brooms and deformed branches infected by WBD, possibly due to an 339 indiscriminate preference of the pathogen for either of the two plant structures. The 340 WBD variables (infected pods, flower cushion broom, and deformed branches) 341
were also positively correlated. In contrast, symptoms of FPRD and WBD diseases 342 are weakly correlated. Finally, as expected, disease variables did not show a 343 strong correlation with productivity trait (healthy pods). 344
345
The ANOVA resulted in significant variation between genotypes for all the analyzed 346 traits (observed at a level of p  0.001); suggesting that the accessions presented 347 in the collection are highly diverse (Table 2) . 348
349
According to the analysis of the four harvest periods, accessions GS-29, FCM-39, 350
and EET-8 produced the higher number of healthy pods (Table S2 ). The genotypes 351 CRICF-13, EBC-06, EBC-09, and SUI-72 were less affected by FPRD as shown by 352
the AUDPC values (Table S2 ). The floral cushion of genotypes EET-377, SCC-85, 353 SCC-86 and UF-273 were less affected by WBD. The genotypes EET-377 and 354 SCC-85 also showed low number of branches affected by WBD, as well as the 355 genotypes SUI-99, and FCM-19 (Table S2) . accessions that presented the lowest values for the traits related to diseases 364 (Table 3) . 365 366
Association analysis 367
The SNPs with an association to the analyzed traits were distributed in 5 of the 10 368 cacao chromosomes (Table 4 ). The Q-Q plots supported the association of SNP 369 with the traits significantly (p ≤ 0.005) and suggested that population structure was 370 adequately controlled in the GWAS model ( Figure S3 ). All the associations were 371 significant (p ≤ 0.05) before the FDR correction; however only the associations for 372 flower cushions with WBD were maintained after the correction. The non-significant WBD. The annotation of these loci was exactly the same using both genomes as 380 reference (Table 4) . 381
382
Loci related to FPRD were located on chromosome 1 using both genomes as 383 reference. The SNP S1_18354976 was upstream 11.4 kb to the transcript 384
Tc00cons_t021470.1 of the gene consensus model of the Criollo genome and 385 probably correspond to the same SNP, S1_27025499, identified with the Matina 386 genome. A second SNP located in the gene Thecc1EG003830 was identified using 387
Matina (Table 4) . 388
389
For productivity, three genomic regions were identified on chromosomes 2, 4, and 390 8. Two candidate genes found on Criollo genome were not located in the coding 391 region, but they were located downstream of the gene Tc08v2_g012850 and 392 upstream of the Tc00cons_t021570.1 transcript. Based on the Matina genome, two 393 associated SNPs were located in chromosome 8 in genes without a functional 394 annotation and one SNP was located on chromosome 4 (Table 4) . 395
396
The heatmaps presented in figure S4 showed LD measures for chromosomes 1, 2 397 3, 4, and 8 which present genomic regions associated to the studied traits. As 398 expected in an outcross species like cacao, the LD blocks were small for all 399 chromosomes in accordance to the rapid LD decay (Figure 3) . 400
Identification of regions under selection 402
The presence of positive selection was tested by scanning the genome for i) 403 regions of reduced variability and ii) local pattern of high linkage disequilibrium. 404
The selective sweeps were identified by two software, SweeD and OmegaPlus; the 405 consensus results for both software were considered the genes under positive 406 selection. The highest number of genes was identified in chromosome 3 (39) and 407 the lowest was identified in chromosome 1 (5) ( Table S4) . 408
409
The genes under selection in chromosome 1 allowed to identify a selective sweep 410 on a region comprised between 11.1 and 22.6 million base pairs (Mbp), in which 411 the previous associated gene Tc00cons_t021470.1 was located (Table 4) BsaXI to generate a great number of informative SNPs. In our study, the in silico 461 digestions of the two cacao reference genomes showed that the digestion using 462 two enzymes (BsaXI and CspCI) allowed to recover 3 million bp more than the 
Phenotypic analysis 479
One important goal of this study was to identify accessions in the germplasm 480 collection with high productivity or disease resistance response to FPRD and WBD. 481
The evaluation during the four harvest periods allowed to identify three accessions, 482 GS-29, EET-8, and FCM-39 with high productivity (Table S2 ). The accession GS-483 29 from Grenade was previously identified as a high productivity clone (Hunter 484 1990) . The EET-8 accession from Ecuador was highlighted in a study conducted 485 by Aranzazu et al. (2009) due to its high yield of 1.500 kg/ha and the FCM-39 486 accession is part of the germplasm bank and is a cultivar not used commercially. 487
488
As expected the incidence of FPRD was high because the germplasm collection is 489 conserved at the research center La Suiza, located at the Magdalena Valley 490 region, which is considered the diversity center for Moniliopthora roreri (Jaimes et 491 al. 2016 ). Four accessions, SUI-72, CRICF-13, EBC-06 and EBC-09, showed 492 promissory results of resistance against M. roreri (Table S2) reported six genes related to FPRD. In this study, associated loci to disease 524 resistance traits were found on the same previously reported chromosomes; 525 however, the SNPs were located in different genomic regions. 526
527
For WBD resistance response traits, three statistically significant genes were 528 found. The first SNP was related to G-type lectin S-receptor-like serine/threonine 529 protein (GsSRK), related to receptor-like protein kinases (RLKs) gene family. In Previous studies on healthy pods did not find candidate genes related to the trait 559 (Romero-Navarro et al. 2017). In this study, we found two candidate genes related 560 to the healthy pod trait (Tc08v2_g012850 and Tc00cons_t021570.1); however, 561 further studies are necessary to confirm its role in cacao productivity. 562 563
Selective sweep analysis 564
Selective sweep analysis were conducted in order to identify nucleotide variation 565 that can be associated to beneficial traits for plant adaptation (Stephan 2010) . 566
Recent studies demonstrated that genomic regions that exhibit selection signatures 567 are also enriched in genes associated to biologically important traits (Wen et al. 568 2015; Xie et al. 2015) . Thus, the detection of selective sweeps and GWAS and its 569 comparison could help to unravel the genetic structure of complex traits (Chen et 570 al. 2016) . In our study, some of the associated genes to studied traits were located 571 in regions under positive selection, probably indicating that natural selection is 572 acting in accessions occurring in regions with natural incidence of FPRD and WBD. 573
However, further studies on evolution and domestication processes are necessary 574 to validate these hypotheses. 575
576
Our findings expand previous genetic mapping efforts and allow to increase the 577 mapping resolution of the regions responsible for productivity and disease 578 resistance traits. Leveraging this information could contribute to select promising 579 accessions in juvenile stages in greenhouse conditions, and consequently reduce 580 the breeding cycles. 581 582
Conclusions 583
This research reported the first GWAS study of disease resistance trait for WBD 584 and FPRD in cacao based on SNPs produced by the GBS technique. In total, two 585 candidate genes related to productivity and seven related to disease resistance 586 response to FPRD and WBD were detected. We also identified a total of 10 587 promissory accessions that presented a degree of resistance response and three 
